The operation of alternating-current thin-film electroluminescent ͑ACTFEL͒ devices may be strongly affected by the presence of dynamic or static positive space charge within the phosphor layer during device operation. Dynamic space charge is a positive charge in the phosphor layer which is periodically created and annihilated during each period of the applied voltage waveform. In contrast, static space charge is a positive space charge in the phosphor layer whose charge state does not change appreciably during steady-state operation of the ACTFEL device. The static space charge density of evaporated ZnS:Mn ACTFEL devices is estimated to be ϳ7ϫ10 16 cm Ϫ3 from measured trends in the phosphor clamping field as a function of phosphor thickness. This static space charge density estimate implies a cathode clamping field of ϳ 2.2 MV/cm and a clamping interface trap depth of ϳ1.5 eV. Furthermore, from transferred charge trends as a function of the phosphor thickness it is concluded that the static space charge in evaporated ZnS:Mn ACTFEL devices arises from metastable hole trapping in the phosphor.
I. INTRODUCTION
The presence of the positive space charge in the phosphor layer of an alternating-current thin-film electroluminescent ͑ACTFEL͒ device is a topic of recent research interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] There are two primary advantages of having positive space charge in the phosphor. 12 First, the cathode field is enhanced compared to that of the average field across the phosphor; the average phosphor field is what is measured in electrical characterization of an ACTFEL device. This cathode field enhancement leads to an improvement in the charge injection efficiency of electrons from interface states into the phosphor conduction band. A consequence of this cathode field enhancement is that the applied voltage necessary to drive an ACTFEL device possessing a positive space charge is less than it would be in the absence of space charge since cathode field enhancement leads to efficient charge injection even when the average phosphor field is smaller than that required for interface state emission. Second, the anode field is reduced compared to that of the average field. A reduction of the anode field results in cooler recombination into interface states of transported electrons when they reach the anode phosphor/insulator interface. Additionally, a smaller anode field means that it is less likely for electrons to be injected into the insulator layers. However, advantages inherent in having a reduced anode field are obtained at a cost of less excitation of the luminescent impurities near the anode, as demonstrated by probe layer studies. 14, 15 It is useful to distinguish between two types of positive space charge, which are designated as dynamic and static space charge. 13 Dynamic space charge denotes a positive charge in the bulk portion of the phosphor which is at least partially created and annihilated during each period of the bipolar voltage waveform used to drive the ACTFEL device.
Such dynamic space charge manifests itself as overshoot in measured capacitance-voltage (C -V), 4, 6, 10, 12 internal charge-phosphor field (Q -F p ), 5, 9 or current transient ͓I(t)͔ characteristics. 3, 7, 8, 11 Dynamic space charge has been found to play an important role in the operation of atomic layer epitaxy ͑ALE͒ ZnS:Mn 4, 6, 12, 13 and SrS:Ce 7-9 ACTFEL devices. The source of dynamic space charge in ALE ZnS:Mn and SrS:Ce ACTFEL devices has been attributed to impact ionization of defect complexes involving a donor-acceptor pair in which the acceptor is a zinc vacancy 6, 12 and to Ce ions and unidentified native defects, respectively.
In contrast, static space charge is envisaged as positive space charge which is present in the phosphor during the steady-state operation of the ACTFEL device and whose charge state does not change appreciably during steady-state operation. Operationally, we define space charge as static if it does not manifest itself as overshoot in a C -V measurement. Static space charge has been identified as playing an important role in the operation of evaporated ZnS:Mn ACTFEL devices. 13 It is proposed in this paper that static space charge is created during the initial high field operation of an ACTFEL device by band-to-band impact ionization and subsequent hole trapping; thus, static space charge arises as a consequence of a steady-state density of trapped holes. According to this identification, this kind of space charge is not truly static in nature, but its characteristic time constant for annihilation is long enough that it persists through many periods of the applied voltage waveform. In contrast, the time constant for dynamic space charge creation must be on the order of a microsecond in order for it to manifest itself as C -V, Q -F p , or I(t) overshoot. This space charge identification indicates that the static/dynamic designation is only useful for steady-state ACTFEL analysis but that this distinc-tion is of no utility when characterizing ACTFEL devices via transient analysis since both kinds of space charge contribute to a transient measurement. 13 This estimate is based on assuming that the static space charge is uniformly distributed across the phosphor layer. The first objective of this paper is to describe an alternative approach for estimating the static space charge density of evaporated ZnS:Mn ACTFEL devices using Q -F p analysis of ACTFEL devices with varying phosphor thickness. Our estimate of the static space charge density is in agreement with that of Ohmi et al. The second objective of this paper is to present data which indicate that static space charge in evaporated ZnS:Mn ACTFEL devices arises from metastable hole trapping and that this hole trapping occurs throughout the phosphor layer; these conclusions arise from transferred charge measurements of ACTFEL devices with phosphors of variable thickness.
II. EXPERIMENTAL PROCEDURE
The samples used in this study consist of the standard ACTFEL structure with SiON top and bottom insulators, evaporated ZnS:Mn as the phosphor layer, an indium-tin oxide bottom contact, and an aluminum top contact. The top and bottom insulator thicknesses are approximately 110 nm and 180 nm, respectively, for all three of the ACTFEL devices used in this study, whose phosphor thicknesses are 300 nm, 490 nm, and 950 nm. Each sample is preaged for 3 h at 40 V above threshold at a frequency of 1 kHz in order to stabilize its electrical characteristics.
After preaging, two types of experiments are conducted. First, Q -F p analysis 5 is accomplished using 1 kHz bipolar, trapezoidal waveforms with rise and fall times of 5 s and a 30 s pulse width. Note that the phosphor field, F p , in a Q-F p curve is assessed from the instantaneous voltage dropped across the ACTFEL device and the instantaneous external charge monitored in the measurement circuit and corresponds to the average field. 5, 10, 16 For this experiment, the applied voltage amplitudes are 20, 40, and 60 V above threshold. It should be noted that there is no Q -V, C -V, or Q -F p evidence for dynamic space charge in the ACTFEL devices used in this study; thus, only static space charge is present in the ACTFEL devices tested.
The second type of experiment performed after ACT-FEL device preaging involves transferred charge analysis in which the external maximum charge (Q max e ) and its derivative with respect to the maximum applied voltage (dQ max e /dV max ) are plotted as a function of the maximum applied voltage (V max ).
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III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Estimation of the static space charge density
The positive applied voltage pulse portions of the Q -F p curves for the three ACTFEL devices are shown in Fig. 1 . Only the positive portions of these Q -F p curves are shown in order to emphasize the relevant half of the experimental data and also since all of the electrical characteristics of these ACTFEL devices are symmetric with respect to applied voltage polarity. On the 20 V overvoltage curve shown in Fig. 1 of the ACTFEL device with a phosphor thickness of 950 nm, labels A-D are used to denote important points on the Q -F p curve; this labeling scheme is frequently used in discussions of Q -F p curves. 5, 12 The A-B portion of the Q -F p curve corresponds to the portion of the waveform in which the positive voltage pulse ramps up but prior to when conduction charge is transported across the phosphor. Section B-C corresponds to the rising edge portion of the applied voltage waveform above turn-on, when charge is conducted across the phosphor. Section C-D is the portion of the waveform in which the applied voltage waveform is at its maximum value and conduction charge continues to flow; the charge that flows during the C-D portion of the waveform corresponds to what is the denoted relaxation charge since the phosphor field relaxes during this portion of the waveform.
For purposes of static space charge estimation, the B-C portions of the Q -F p curves shown in Fig. 1 are of importance since the steady-state field, F ss , is estimated as the constant field portion of the curve defined by B-C. ͑Note that the B-C portion of each Q -F p curve is relatively constant and is independent of the applied voltage amplitude; this means that field-clamping 16, 19, 20 occurs in these ACTFEL devices and F ss corresponds to the clamping field.͒ A summary of the experimentally deduced F ss 's as a function of phosphor thickness is given in Table I . An assessment of Fig. 1 indicates that F ss decreases as the phosphor thickness increases; we attribute this decrease of F ss as due to static space charge, with more static space charge present in the ACTFEL device with the thicker phosphor layer.
In order to obtain a quantitative estimate of the static space charge density from these measured values of F ss , we make two assumptions: ͑i͒ a uniform static space charge density exists across the phosphor layer and ͑ii͒ the cathode field during the BC portion of the waveform is a constant value which is independent of the phosphor thickness. The second assumption is consistent with field clamping occurring in the ACTFEL device. The fact that F ss is independent of the maximum applied voltage amplitude in the Q -F p curves shown in Fig. 1 demonstrates that field clamping indeed occurs in these ACTFEL devices. Given these two assumptions, an expression for the static space charge density may be derived as follows. First, find an expression for the phosphor field as a function of distance away from the cathode phosphor/insulator interface by integrating Poisson's equation:
where F p cathode is the phosphor field at the cathode phosphor/ insulator interface, ⑀ p is the phosphor dielectric constant, and is the static space charge density. The measured, average field, F p , may then be obtained by integrating Eq. ͑1͒ over the full thickness of the phosphor
where d p is the thickness of the phosphor layer. If F ss is identified as the average field under field clamping conditions and if it is assumed that the cathode field is a constant when field clamping occurs, an estimate of the static space charge density, , may be obtained from the use of Eq. ͑2͒ by measuring F ss for two ACTFEL devices with differing phosphor thickness. Explicitly, this static space charge estimate is given by
The use of Eq. ͑3͒ and the experimental results collected in Table I 21 in their analysis of hysteretic behavior in ZnS:Mn ACTFEL devices. Although Ohmi et al. 13 and our ACTFEL devices do not exhibit brightness-voltage hysteresis, it seems likely that the hole trapping mechanism proposed by Howard et al. could be the origin of static space charge.
Using a static space charge density of 7ϫ10 16 cm Ϫ3 ͑the average of that estimated in this work͒, it is possible to calculate the cathode field ͑which is assumed to be a constant value, consistent with the field clamping assumption͒ and the anode field as a function of phosphor thickness using Eqs. ͑1͒ and ͑2͒. These anode and cathode field values are collected in Table II . Two important points should be noted with respect to Table II. First, the 2.2 MV/cm estimate of the cathode clamping field is larger than most previous estimates. 16, 20 This is not surprising since previous estimates were based on using the measured, average field; this is not appropriate when the static space charge is present in the phosphor. An important implication of this larger estimate of the cathode clamping field is that the energy depth of the interface states responsible for field clamping are deeper than previously thought. For example, if interface state emission is assumed to occur by direct tunneling from a discrete interface state of density 5ϫ10 13 cm Ϫ2 modeled as a Dirac well, the depth of the interface state is estimated to be 1.1 and 1.5 eV for cathode phosphor fields of 1.5 and 2.2 MV/ cm, respectively ͑these estimates are based on assuming a conduction band relative effective mass of 0.18 22 and a threshold current density of 10 mA/cm 2 ). The second important point with regard to Table II is the fact that the anode field during field clamping is significantly smaller than the average field and is smaller for larger phosphor thicknesses. Such a reduction of the anode field is a consequence of positive space charge. As stated above, the anode field reduction helps to preclude electron injection into the insulator and also leads to cooler electron recombination at the anode interface. Both of these effects could contribute to ACTFEL device aging but would be reduced if positive space charge is present in the phosphor.
B. The origin of static space charge
Differentiated external transferred charge curves are shown in Figs. 2-4 at frequencies of 100, 1000, and 3000 Hz /dV max overshoot is frequency dependent, with the peak value of the overshoot increasing with increasing frequency. However, it is found that the integral of the overshoot, which is a measure of the static space charge density as discussed in the following, is frequency independent, at least from 100-3000 Hz. Third, notice that the amount of overshoot increases with increasing phosphor thickness.
Consistent with an earlier proposal of Bringuier's 23 in which he recognized the necessity of accounting for slow hole trapping in order to accurately simulate ACTFEL device transferred charge curves, we originally ascribed dQ max e /dV max overshoot to the existence of metastable hole traps, 17, 24 as follows. ͑Note that we no longer subscribe to this explanation, as discussed in the following.͒ Upon the application of a voltage pulse to an evaporated ZnS:Mn ACTFEL device, the phosphor field increases sufficiently ͑at least near the cathode͒ that holes are generated in the phosphor via band-to-band impact ionization. These holes then drift to the cathode interface in a very short time (ϳ 5 ps͒ and are trapped in metastable traps near the cathode phosphor/insulator interface. Eventually, these metastable holes are annihilated via recombination with interface state electrons, but this recombination process appears to take a very long time ͑the recombination time was crudely estimated to be ϳ1.2 ms in Ref. 24 ; the frequency independence of the overshoot found in Figs. 2-4 suggests that it may be even longer than this͒.
Based on the results presented in Figs. 2-4 , the metastable hole trapping picture just described needs to be modified, as follows. The fact that the magnitude of the dQ max e /dV max overshoot, which is a measure of the amount of metastable hole trapping, increases as the thickness of the phosphor increases indicates that hole trapping occurs in the bulk portion of the phosphor, not exclusively near the phosphor/insulator interface. Although we did not originally favor this idea of bulk hole trapping since exceedingly large fields are present in the phosphor during the applied voltage pulse ͑i.e., average phosphor fields are ϳ1.5-2.0 MV/cm͒, we find the data shown in Figs. 2-4 to be compelling evidence for bulk hole trapping. Moreover, bulk hole trapping at large electric fields has been experimentally established. 3, 25, 26 Finally, bulk hole trapping seems to be the most straightforward explanation for the nature of metastability associated with hole trapping, i.e., hole annihilation at the phosphor/insulator interface by interface state electrons is precluded by the fact that holes are trapped in the phosphor bulk away from the interface such that interfacial electronhole recombination cannot occur until the holes are reemitted from traps and drift to the interface. A consequence of this perspective is that the re-emission time from the bulk hole trap is the relevant time which characterizes hole trap metastability.
It seems likely that metastable hole trapping gives rise to the static space charge deduced to exist in ZnS:Mn ACTFEL devices by Ohmi et al. 13 This identification of static space charge implies that static space charge within the phosphor is formed during the initial high-field operation of an ACTFEL device by band-to-band impact ionization and subsequent bulk hole trapping. Thus, static space charge arises from the buildup of a steady-state trapped hole concentration during ACTFEL device operation. From this perspective, it is evident that the space charge is not truly static, as discussed in Sec. I. Rather, it is actually more of a steady-state space charge, in terms of how it manifests itself in an ACTFEL device. 
